The tutorial aims to equip the beginners in silicone research with the knowledge to formulate recipes and process elastomer networks, targeting specific properties related to soft applications such as stretchable electronics without compromising the mechanical integrity of the elastomer. In doing so, we hope to stimulate further research in the area of tailor-made soft silicone elastomers for novel applications and allow researchers to bypass the limitations imposed by the use of commercially available silicone elastomer formulations. Silicone elastomers are widely used due to the favourable properties, such as flexibility, durable dielectric insulation, barrier properties against environmental contaminants and stress-absorbing properties over a wide range of temperatures E À100 1C to 250 1C.
electro-mechanical stability seems insignificant. Hence, the tutorial focuses on how to tailor-make soft silicone elastomers to meet different mechanical and electrical requirements that are stable upon repeated deformation cycles. First, a discussion on commercially available silicone elastomers is developed, following which the network structure is discussed briefly. Secondly, every component that goes into the elastomer formulation is explained and the formulation of reliable and durable silicone elastomers from polymeric and oligomeric starting materials are described. Subsequently, elastomer processing is discussed before proceeding to the mechanical properties of soft elastomers. Finally, a description of the peculiar mechanical properties that arise when elastomers are formulated with significant amounts of particulate fillers is elaborated.
Commercial silicone elastomer formulations
Commercial formulations come in a great variety of grades, addressing the commercial demands of the existing technologies. Premade elastomer formulations possess superior mechanical properties and are usually relatively rigid/stiff. Most of the commercial preformulated elastomers are not ideal for application as stretchable electronics, where softness is a key performance indicator. Commercial formulations have the added disadvantage of harbouring materials which are intentionally kept unknown by the industry as a secret recipe. The presence of unknown components in the formulations may sometimes lead to unnecessary complications. It is essential for a researcher to know exactly what is being worked with. An elastomer primarily consists of a network of polymer chains, with the polymer being above its glass transition temperature and being amorphous, along with various additives and fillers. The infinite polymer network defines the elastomeric properties, whereas the additives and fillers provide enhanced tear strength, ultimate tensile properties and ease of processing to the elastomer. A covalent polymer network consists of polymer chains covalently connected either by a crosslinker (addition or condensation curing) or by inter-chain reactions (peroxide curing).
In the context of elastomer formulations the general notion is that: ''A silicone elastomer formulation consists of a polymer and a crosslinker, and if softer elastomers are desired, the two components are mixed in different ratios.'' This notion expresses the simplicity with which silicone elastomers are usually perceived and signifies that silicone producers have indeed managed to prepare complex systems that are extremely easy to use. For mechanically reliable elastomers the formulations are to be used at or near to supplier-specified mixing ratios. Changing the mixing ratio may lead to loss of mechanical integrity and in the worst case result in critical elastomer compositions that are plastic or those that may start flowing over long time scales due to insufficient crosslinking. Such elastomeric networks cannot be regarded as reliable.
Silicone elastomers are typically crosslinked using hydrosilylation (usually Pt-catalysed addition), condensation (usually Sn-catalysed) and radical reaction. In Fig. 1 , the two most commonly used curing chemistries are illustrated. Apart from applied chemistry, also temperature is frequently used as means to differentiate between
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various silicone elastomer types. Based on their curing temperatures, commercial formulations are named as room temperature vulcanising (RTV) and high temperature vulcanising (HTV), which are typically radical cured. A third type of silicone elastomer is named as liquid silicone rubber (LSR/LR), which is usually cured at high temperatures but with a distinction from HTV being that it is formulated to possess lower viscosity. Curing chemistry is not always implied in the naming but it is usually mentioned if the elastomer is based on condensation chemistry, because a certain level of humidity is required for this particular process. The focus here is on addition curing formulations (RTV and HTV), which result in reliable elastomers because the curing reactions are selective and efficient.
Typically, a commercially available elastomer kit consists of two premixes of an addition curing system named 'A' and 'B', where, most commonly, one of them is denoted as a crosslinker and the other a base or a polymer. This denotation, however, does not specify anything about the elastomer and the nomenclature is confusing and misleading for an untrained eye. The crosslinker premix contains a crosslinker (which in rare circumstances may also be polymeric) and some functional polymer (or potentially a silicone oil †), and the polymer premix contains functional polymer amongst other components (Table 1 ).
In the crosslinker premix, the crosslinker and polymer are unreactive and stable, provided that there is no catalyst present and humidity is minimized. The hydride groups on the crosslinker are prone to hydrolysis over time in the presence of water (-Si-H --Si-OH, Si-OH + Si-OH --Si-O-Si-), and this reaction is one of the most important reactions in post-curing, i.e. further curing of the cured elastomer over time. The crosslinker premix contains both a crosslinker and a polymer in order to dilute the crosslinker prior to mixing the two A and B premixes. The required amount of crosslinker is slight, due to the combination of high functionality and low molecular weight. Dilution is necessary, since adding drops of pure crosslinker into the base premix may lead to immediate local crosslinking, which can be observed visually as macroscopic lumps forming in the mixture. Without dilution, the diffusion rate of the crosslinker into the base premix will be paltry and reaction will take place around the added drop only. This leads to inhomogeneous structures, and hinders overall macroscopic curing.
The base or polymer premix contains the polymer and a catalyst. Usually, silica particles or resins are added to this premix as well, and they are usually fumed silicas but may also be chemically surface-treated silicas for better compatibility with the silicone polymers. Silicone elastomers with no silica or resins have poor mechanical properties. The polymer premix has usually higher viscosity than the crosslinker premix and usually constitutes a significant larger amount than the crosslinker premix in the final formulation.
Silicone polymer properties
Silicone elastomers are used in a vast range of applications, due to their inherent flexibility, robustness and biocompatibility, just to mention three of the most favorable properties. Silicone polymers differ from almost all other polymers by having a polymer backbone of alternating units of silicon and oxygen (-Si-O-) rather than the traditional carbon-based backbone. Silicon is tetrahedral in nature, and the most common structure of silicone polymers is polydimethylsiloxane (PDMS), i.e. two side chains of methyl on each silicon. The -Si-O-backbone gives rise to properties different from other polymers, such as high inherent flexibility and softness, as well as high thermal stability amongst many other favorable properties. 9 Silicone polymer and all other amorphous polymers above their glass transition temperatures increase significantly their elastic response when crosslinked into an elastomer, due to the covalent nature of the network. The network comprises in theory one molecule only, if ideally crosslinked. This will be discussed further in Section 2. Additionally, silicone polymers and silicone networks are almost entirely amorphous, and therefore there is no wear from microcrystalline domains within the elastomer.
Despite silicone elastomers being inherent and excellent electrical insulators, and thereby fundamentally poor conductors, their use as flexible, electrically conducting elastomers has not been ruled out due to the ease of formulation with conductive fillers. Another important property is the integral stability and reliability of properly designed silicone elastomers. Their chemically inert nature enables them to be used in harsh and variable environments. They may swell in good solvents and undergo dimensional changes, resulting in changed mechanical properties, but this will usually take place in a reversible manner. Their operational temperature is from around À100 1C (glass transition temperature, T g , being around À126 1C) and up to around 200-350 1C, depending on the more exact elastomer composition. Inertness to substances is also required for reliability over time, and silicone elastomers are more or less only prone to degradation by contact with strong bases or acids. Additionally, silicones possess favorable dielectric properties such as high dielectric breakdown strength and high resistivity. However, they suffer from low dielectric permittivity. Despite the later, they are among materials utilised the most frequently in imperceptible, stretchable electronics and lightweight dielectric electroactive transducers.
Network structure
In order to understand elastomers' properties and to design them for specific uses, it is important to understand how reactants and curing affect the final properties. First, there is a focus on the curing chemistries utilised before proceeding to elastomer formulation, whereby additives and fillers are added by the producer to the network to provide enhanced properties.
Ideal networks
An ideal elastomer network is based on irreversible covalent bonds such that elastic behaviour is not transient in the presence of large strains or increased temperatures. When the connections are covalent in nature, the elastomer is denoted as a 'thermoset'. For thermosets, curing proceeds irreversibly and these elastomers cannot be reheated to allow for remoulding.
From a theoretical point of view, the simplest possible polymer network is prepared from the reaction of a crosslinker with more than two reactive groups per polymer chain on average (functionality f 4 2) and a polymer with a functionality of 2. The stoichiometry, r, of the reaction, which is a ratio between the two types of reactive groups, is defined as:
In eqn (1), the square brackets indicate molar concentrations. When the crosslinker and the polymer react equimolar (i.e. equal concentrations of hydride and vinyl), the reactions are called stoichiometric and r = 1. Often, stoichiometric conditions are targeted, but changing the stoichiometry is one method through which we can change elastic properties, since stoichiometry governs the network structure, as will be discussed further in Section 2. More recently, novel chemistries have allowed for thermoplastic silicone elastomers, in which the connections are transient. Thermoplasticity means that elastomers can be melted by heating, i.e. it allows for remoulding. The commercial and societal drivers for introducing thermoplasticity are recyclability and ease of production, since thermosets cannot be remoulded and recycled. 10 However, in this instance, temperature robustness is compromised due to melting at elevated temperatures. These will not be discussed further in this tutorial, but it is important to keep in mind that there exist novel chemistries which allow for switch on-off elasticity. Furthermore, in the simplest case, intra-reactions do not take place and the network formation is based solely on the reaction between the functional groups of the crosslinker and the polymer. Side reactions are assumed to be non-existent. This is usually denoted as a 'model system', since network imperfections, such as elastically inactive loops, can be ignored under such ideal conditions. The system of telechelic vinyl-functionalized linear PDMS and an oligomeric (i.e. short) multifunctional hydridefunctional siloxane crosslinker is regarded as a model system and is thus ideal for studying the dynamics of polymer networks. 11 The reaction of a three-functional crosslinker (3f) is illustrated in Fig. 2 .
The involved crosslinking reaction, commonly referred to as 'hydrosilylation', between the hydride and the vinyl groups proceeds almost to completion, i.e. high conversion. Side reactions are limited, i.e. the reaction is very selective. [11] [12] [13] Thereby, the final network consists of elastically active polymer chains connected at both ends to a crosslinker, as illustrated in Fig. 2 . The elastic modulus, E, of this ideal network, with elastic chains acting as entropic springs, can then be calculated as:
where n c is crosslinking density, R is the gas constant and T is the absolute temperature. r polymer is the density of the polymer (usually around 0.98 g cm À3 ), while M polymer is the number average molecular weight of the polymer (abbreviated in the following as M). The above equation holds only for stoichiometric networks with a low molecular weight crosslinker and with no fillers. The elastic modulus is also the commonly denoted Young's modulus, which is symbolized with either E or Y.
Imperfect networks and the dynamics thereof
While the network illustrated in Fig. 2D is ideal for visualisation, this is by far not the true structure of real networks, which consist of unreacted reactants due to steric hindrance or as a result of side reactions diminishing the targeted stoichiometric balance. Side reactions and/or stoichiometrically imbalanced reactants (i.e. r a 1) result in dangling polymer chains and substructures as well as a sol fraction, i.e. a fraction not covalently connected to the polymer network, 15 as illustrated in Fig. 3 (top figure) . If the reactants are mixed in an off-stoichiometric ratio, a true network is not formed. This off-stoichiometric reaction leads, in extreme cases, to a viscoelastic liquid composition consisting of highly branched polymers, and this implies that the gelation threshold has not been exceeded. The gelation threshold (also often denoted the gel point) can be defined as a lower (too much polymer) and higher boundary (too much crosslinker) of r according to the Flory-Stockmayer theory: 16, 17 
This theory is based on ideal conditions with full conversion and no imperfections, but it provides a good estimate of critical stoichiometry. For the formulation of silicone-based adhesives, the lower bound is commonly targeted to yield structures with a large fraction of dangling structures that provide excellent adhesion to, for example, human skin. 18 Fig. 3 illustrates how the volume fractions of the three network structures vary with stoichiometry. An illustration of so-called 'first order' imperfections (dangling chains) is given in Fig. 4 . Higher order dangling structures (i.e. with multiple sets of constituents in each highly branched structure) become structurally very complex and contribute with very slow dynamics. 19 The most complex of these are encountered close to the two gel points, and the most common examples are illustrated in Fig. 5 . The sol fraction gives rise mainly to viscous behaviour, but in an entangled state it may cause time-dependent elasticity, which results from the polymer chains not being able to release stress immediately during fast deformation, in which case they act elastically until all stress is released. 20 Most commercial formulations contain a fraction of nonfunctional or monofunctional polymers (telechelic polymers cannot be prepared with 100% yield) that will also increase the amount of imperfections in the network. Finally, loop formation, i.e. polymers reacting at both ends with the same crosslinker, may occur and lead to loss of the effective number of elastic strands ( Fig. 4 ). All of these network imperfections decrease the effective crosslinking density (and thus also the elastic modulus) and introduce strongly time-dependent (transient) elasticity if the deformation is faster than the given relaxation Mechanical properties of this complex ensemble of structures are modelled (rubber elasticity models) as a serial or a parallel combination of masses, springs and dashpots to account for behaviour of non-ideal elastomers. Losses are usually modelled as dashpots at slow deformations. The more sol fraction, the more dashpot behaviour. The mechanical behaviours of a mass, a spring and a dashpot are illustrated in Fig. 6 .
Models vary a lot in complexity, and for further knowledge regarding modelling rubber elasticity, the article by Arruda and Boyce, 21 which contains a thorough description of the nomenclature and rudiments for describing large-strain deformations of elastomers/rubbers is recommended. For small strains (up to at least 10% for most silicone elastomers), the stress-strain relationship can be described by Hooke's law:
where, s is the stress (force exerted on the sample per crosssectional area) and e is the strain (relative deformation lengthwise of the sample, e = (l À l 0 )/l 0 ). The theoretical elastic modulus can be calculated from eqn (2), as discussed earlier, or determined from the linear regime of the stress-strain plot. All polymers in the network are ideally elastically active, and thus the elastomer can be described as an 'entropic spring'. However, since all elastomers contain at least a small sol fraction (from inert reactants) and some dangling structures (from monofunctional reactants and small deviations in stoichiometry), this statement is not strictly true, since there will be a slight dynamic response in the close-to-ideal elastomers.
Formulation of tailor-made silicone elastomers
This section provides recommendations for the design of the network structure, to allow the reader to develop a qualified starting point for formulating the desired silicone elastomer. The raw materials required for making an addition curing elastomer network are (1) a telechelic vinyl terminated PDMS, (2) hydride-functional siloxane crosslinker, (3) Pt catalyst, (4) an inhibitor and (5) suitable fillers, resins or block copolymers.
The following section throws light on how to choose each component, considering the properties of the end product.
Designing the network structure
The first part of the formulation process is to decide which elastic modulus is being targeted. It is complicated to formulate reliable silicone elastomers with elastic moduli below 0.6 MPa, since this is the apparent elastic modulus of well-entangled silicone polymers (i.e. silicone polymers above approximately 12 000 g mol À1 ). The entanglements in crosslinked polymers behave as crosslinks with more dynamic behaviour, since they can slide in between each other and some of them can also disentangle. Those that can disentangle are commonly denoted as 'trapped', whereas ones that cannot do so are denoted as 'locked'. They give rise to a constant contribution to elasticity when the polymer length is above the entanglement molecular weight. Above this length, the concentration of entanglement remains constant and thus a constant contribution to the modulus. However, recently, so-called 'bottlebrush' elastomers have been developed and they bypass this limitation, due to effectively changing the molecular entanglement weight. 22, 23 More details on entanglements and the characteristic properties of silicone polymers can be found in the article by Fetters et al. 24 Alternatively, elastomers can be processed in the presence of a large amount of solvent, in order to dilute locked entanglements 25 and thereby proceed below 0.6 MPa. However, this process is not always favorable, since the solvent may swell other components in the devices. It is relatively straight forward to formulate elastomers with the elastic moduli around 1 MPa and above. Silica fillers can be introduced in significant amounts, and so relatively high tear strength and electrical breakdown strength can also be achieved. Suggestions for formulations are given in Table 2 . Explanations are provided in the following sections. For targeted elastic moduli below 1 MPa, the importance of tear strength must be evaluated. If tear strength is not a criterium then silica particles can be fully or partly omitted making easier to achieve lower elastic modulus. If tear strength is important, a low Young's modulus is difficult to achieve but it can be achieved by simultaneous entanglement dilution, reduction of fillers and decreased stoichiometry. Suggestions for formulations are given in Table 3 , and explanations are given in the following sections. When optical transparency is desired, it is favorable to use resins rather than silica particles to reinforce the network as there is a noticeable difference in the refractive index between silica and silicone polymers. The formulation with resins is not directly included in this tutorial, but some details on them can be found in Section 5. If very high elongation (up to 5000%) is a key requirement, a novel elastomer system has been developed by Goff et al. 26 and commercialized by Gelest as ExSil 100. The underlying principle here is the reaction of a silicone polymer with hydride-functionality at one end and vinyl at the other end. In this instance, in theory, only one big molecule may result from the inherent stoichiometric reaction.
3.1.1 Stoichiometry. For hard silicone elastomers, close-tostoichiometry (r Z 1) is always targeted, since this reduces postreactions as well as limits the sol fraction (often referred to as 'leachable' in polymer products). In general, it is best to use a highly functional crosslinker, such as HMS-301 from Gelest, which consists of eight crosslinking sites on average per crosslinker molecule in a slight excess such as r = 1.1-1.4. As a result of r 4 1 the crosslinking reaction is not as sensitive to steric hindrance since the crosslinker will remain effective as long as more than two groups per molecule have reacted. The remaining hydride groups may lead to post-curing effects due to hydrolysis, as discussed earlier. For soft silicone elastomers, off-stoichiometry (r o 1) is targeted. More precisely, as discussed in Section 2.2, r should not be lower than r c,lower as this would mean gelation threshold will not be reached. The closer the r to r c,lower , the softer the network. For example, while formulating a soft silicone elastomer network, using a crosslinker with f = 4, the stoichiometry should be 0.333 o r o 1. A low functionality crosslinker ( f = 3 or 4) gives a soft silicone elastomer network which is fragile. Hence, a high functionality crosslinker ( f Z 8) is more suitable for reliable soft silicone networks.
3.1.2 Polymer chain length and chain extension. Polymer chain molecular weights of around M = 20 000 g mol À1 and up to M = 60 000 g mol À1 (possibly even higher) can be used (e.g. DMS-V31-35 from Gelest) without achieving overly viscous mixtures. The viscosity of silicone polymers increases in line with the molecular weight to a power of approximately 2.4 and in such cases special mixing and dispensing equipment is required. When the viscosity of premixes is to be kept low, then the relatively long polymer chains can be replaced with a shorter polymer and a so-called 'chain extender', which again is a telechelic, two-functional 'crosslinker'. Consequently, in the systems under discussion, this would mean that a telechelic hydride PDMS such as the DMS-H series is mixed with telechelic vinyl PDMS, e.g. DMS-V21-22, both from Gelest, in the presence of the other components. Chain extenders come in a range of viscosities, from 2 to 10 000 cSt, to accommodate easy mixing with the rest of the reactants. When a low viscosity silicone is mixed with a high viscosity one, phase separation may take place, and the two can be difficult to mix homogenously. This can be avoided by using a higher molecular weight chain extender, but of course in this case overall viscosity is also increased (which can then be compensated by using lower viscosity versions of the telechelic silicone polymer).
The crosslinker-to-chain extender ratio can be varied, but best results are achieved when the molar ratio is above 0.2, simply because the chain extender may introduce additional imperfections to the network compared to when a long telechelic polymer is used. The lower limit to the molecular weight of the polymer strands, whether resulting from chain extension or a View Article Online single polymer, is that it should always be above approximately 20 000 g mol À1 ; otherwise, the resulting elastomer may become brittle, simply because the crosslinking of the short chains introduces tension into the resulting elastomer. 3.1.3 Catalyst. There exists a wide range of Pt catalysts (e.g. Pt-divinyltetramethyldisiloxane complex in xylene from Gelest) and they differ in their reaction speeds and in which concentrations they are formulated (catalyst formulations with small weight per cent Pt complexed by a low molecular weight telechelic vinyl siloxane in a volatile solvent are common products). Depending on the curing temperature and desired curing time, usually 10-30 ppm of Pt in the final elastomer formulation is recommended. It must be borne in mind that in order to develop a robust elastomer, relatively quick initial crosslinking must take place, simply due to the fact that if the elastomer 'sets' too slowly, then the polymer chains are allowed to disentangle and release minute stresses, thus resulting in a softer elastomer. Addition curing silicone elastomers have the challenge of inhibition or poisoning of the Pt catalyst. All substances that complex Pt comparably efficient or better than the vinyl groups are potential inhibitors, since the addition reaction requires a Pt atom complexed to the vinyl group of the polymer. Common Pt poisons are sulphur, phosphorus and nitrogen-containing compounds. Even in minute concentrations, sulphur largely inhibits the curing reaction, so it is important to pay attention to using sulphur-free mixing remedies etc. Therefore, any chemical or physical modification of silicone compositions with such compounds must be avoided. Moreover, any contact during the processing phase with such compounds might also negatively influence the crosslinking reaction, such as mixing the preelastomer with a rubber spatula. In addition, aromatic compounds inhibit to a greater or lesser extent the curing reaction, and curing may proceed only very slowly and inefficiently. Though this may seem like a trivial and easily resolved practical issue, in reality it is not so. In the case of silicone composites with permittivity enhancing fillers, it is not easy to use Pt as a catalyst as it is prone to inhibition. Rh is slightly less prone to inhibition as opposed to Pt but it is more expensive. Sn catalysts used to catalyse the reaction in condensation silicones are very robust and poison-resistant. Condensation silicone elastomers therefore offer a good alternative to hydrosilylation-type curing when contact with Pt catalyst poisons cannot be avoided. However, the trade-off for condensation silicone elastomers is the control over network structure and rapid curing.
Particulate fillers
Silicone networks with added particulate fillers are often denoted as 'silicone composites'. We use this nomenclature in the following to distinguish silicone elastomers with particulate fillers from non-filled versions despite the fact that most silicone elastomers contain particulate fillers (i.e. silica). When formulating silicone composites, it is common to use the unit phr (parts per hundred rubber) and denote the concentration of filler as 'loading'. The phr denotes the amount needed to add to 100 g of elastomer parts rather than recalculating it into weight per cent while working. Silicone polymers have a very low surface tension, thereby making them incompatible with most conventional fillers. Surface modification of fillers by thermal, chemical, electrochemical or coupling agent treatments are employed to achieve compatibility between silicone elastomer and the fillers. 27 The necessary loading of filler in the elastomer is decided based on whether or not percolation is required. Percolation means that there is at least one macroscopic connection of particles through the entire macroscopic material. The percolation threshold, defined as exactly one connection, defines a strong change in properties. When a conductive filler is added to a silicone elastomer in low concentrations, the composite will behave in a non-conducting manner, since the particles (or particle agglomerates) are still isolated from one another that they cannot conduct electricity. When the filler concentration exceeds the percolation threshold, then the particles are no longer isolated in the elastomer matrix thus making the composite conductive. 28 As filler concentrations increase further above the percolation threshold, the composites become more and more conductive. Hence, if a conductive composite is desired, the filler concentration should be at least as much as the percolation threshold and higher. Caution should be exercised while adding fillers as they significantly increase the elastic modulus and introduce complex behaviour as will be discussed in Section 6. Hence while loading conductive fillers, a balance between elasticity and conductivity should be considered.
If permittivity-enhancing particulate fillers are added to non-conducting composites, then compositions approaching the percolation threshold should be avoided. Usually, percolation is determined in low electrical fields (e.g. by measurements in a dielectric spectrometer operating around 1 V) and the percolation threshold will not be the same at higher voltages, as discussed further below. Irrespective of the voltage dependency of the percolation threshold, it is important to know that mixtures close to percolation threshold may contain few domains above percolation threshold, if improperly mixed. So the properties of the composite become dependent on the efficiency of mixing. Therefore, it is always recommended to utilise very conservative loadings of conductive fillers. Filler concentrations below the percolation threshold by a factor of 10 should be used in composites in order to avoid undesired conductivity. Another issue to be concerned about when formulating elastomers with conductive fillers is that charges may build up on the particle surfaces, thereby leading to loss of efficiency.
As mentioned above, when particulate fillers -or other fillers for that matter (excluding silica, which is non-conducting) -are used in the formulation of non-conductive silicone elastomers, it is important to consider if the silicone composites show voltagedependent conductivity. An example is shown in Fig. 7 for a glycerol-containing composite with around 50 wt% of glycerol (80 and 100 phr, respectively). ‡ This composite still remains nonconducting, but this may not be a general conclusion.
While adding particulate fillers to an elastomer network, the stoichiometry of the network may need to be changed, since ‡ The filler shown here is not particulate, but data on the voltage dependency of conductivity are scarce due to the cost of the utilised instrument. Particulate fillers will behave in a similar way, since charges can build up on the surface of the particles. many fillers may consume some of hydrides of the crosslinker, due to the -OH groups present on the particles. Therefore, more crosslinker may be required, and so it is important to formulate the premixes such that the crosslinker does not react with the particles in the premix before the curing reaction. The exact amount of additional crosslinker required is difficult to quantify, since it depends on the amount and specific properties of the particles, albeit these may change significantly over time if stored in a humid environment.
Potential of elastomer design
Research within the area of dielectric elastomers has led to the development of many novel approaches to elastomer design. The breakthrough of grafting of high-permittivity moieties to the silicone backbone to attain better electrical sensitivity, e.g. for sensors and actuators was achieved in this context. The recent review by Madsen et al. gives an insight into the advancements of elastomer design in the field of dielectric elastomer transducers. 30 Most of the approaches are based on Pt catalysed crosslinking and various clever pathways to circumvent Pt inhibition are proposed. Some research groups also utilise the inhibition to get softer networks, due to the low extent of the reaction. This method cannot be recommended if reliable elastomers are desired. Designing of network structure is crucial to achieve certain properties, and to make sure that the chemistries are efficient; otherwise, properties may not be static and network structures may be poor.
Molecular grafting and the overall influence on electromechanical properties are still not fully understood. However, it is believed that there is a lot to be learned from the high-voltage industry, where so-called 'voltage stabilizers' are added to polyethylene in minute amounts, which increases the electrical breakdown strength by 50%. 31 A similar but less significant effect has also been found in silicone elastomers, but identifying the ideal structure of the voltage stabilizer still remains elusive. 32 Another interesting observation of the influence of grafted moieties is the change in breakdown patterns in the silicone elastomer films. In Fig. 8 , the electrical breakdown zone of a silicone elastomer with a chloropropyl-functional grafted moiety is shown. 33 This study demonstrated that there was significant boiling of the elastomer's degradation products during or after the electrical breakdown event. Thereby, a lot of energy was dissipated and the electrical breakdown events never led to tearing, as is otherwise common. This stresses that there are unexplored chemistry-related phenomena that may affect the physical and electrical properties of the silicone elastomers. Furthermore it is evidenced in the article by Yu and Skov and references within 34 that the design of the elastomer structure not just determines elastic properties but also electrical properties (e.g. breakdown strength). This is a relatively unexplored area and holds great potential for developing soft silicone elastomers with excellent electrical reliability. For hard silicone elastomers, an increased elastic modulus is a good approach towards higher electrical breakdown strength, but for soft silicone elastomers, it becomes complicated due to electro-mechanical instability. For details on this instability, see the work of Suo and references within. 35 
Processing of silicone elastomers
The precision and perfection in processing determines the quality of the elastomer network. In this section, different scenarios and possible issues when preparing silicone elastomers will be discussed based on the example of an addition cure silicone composition with silica particles as the reinforcing agent.
Homemade formulations
First step is to decide on the type of telechelic PDMS, hydride siloxane crosslinker and other desired fillers that will go into 
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the formulation based on the end properties targeted. Secondly, the ratio/weight of these components needs to be calculated based on the stoichiometry that is required to obtain the target properties of the silicone network. Once the components are weighed accurately, it is recommended that they are mixed into a base called part A (silicone polymer + catalyst + filler + inhibitor) and a crosslinker portion called part B (crosslinker + silicone polymer) just like the commercial premixes. The base and crosslinker portions need not always be labelled as part A and part B, respectively. Mixing all the components together is not recommended as crosslinking will start before the components are well mixed. In part A, apart from the components listed above, other additives like resins and block copolymers can be mixed. Possible chain extenders should be mixed in part B with crosslinker. Silicone oil can be added in part A and part B if necessary. It is recommended that part A is mixed in steps using a speed mixer. The telechelic vinyl PDMS and catalyst should be mixed first, following which the filler should be added and mixed well. Lastly, the inhibitor should be added to part A and mixed well. Part A and part B can now be cold stored before use.
Mixing
Properly mixing part A and part B is the first step in ensuring satisfactory silicone elastomer properties. A distinction between high-(solid-like), medium-(limited flow, e.g. liquid silicone rubber) and low viscosity (pourable compositions, e.g. Sylgard 184 from Dow Corning) silicone elastomers is proposed in this manuscript to make it easier to discuss various mixing scenarios. Addition (hydrosilylation) cure silicone elastomers usually consist of a higher viscosity part (A) and a part (B) with lower or similar viscosity. Blending both parts can be achieved by various methods. Very high viscosity silicones are mixed using, for example, roll mills, while low viscosity silicones are mixed using, for instance, mechanical stirrers (equipped with different stirring paddles), high-power mixers (e.g. Silverson L5M), dual asymmetric centrifuge mixers (often referred to as 'speed-mixers') and even by hand (see examples in Fig. 9 ). Processing high viscosity silicones is usually performed on sophisticated production lines designed specifically for this purpose. These high viscosity silicones are usually applied in the bulk productions where they are extruded (e.g. tubes, custom profiles), injection moulded, compression moulded, or calendared.
Mixing medium viscosity silicones is usually challenging without applying specialized equipment. Various aids facilitating the mixing can be applied, such as the addition of compatible volatile solvents (e.g. OS-10 from Dow Corning) or flow control agents (e.g. Silicone Thinner from Smooth-On, Inc.). Lowering the viscosity of a silicone premix makes it substantially easier to disperse additional fillers in the formulation, e.g. titanium dioxide added to dielectric transducer films to improve dielectric properties. However, formulations prepared with additional solvents typically require an extra solvent removal step. Volatile solvents must be chosen with consideration for the curing temperature. A very rapid evaporation of a solvent during the crosslinking process results in the formation of air voids in the elastomer structure, while too slow evaporation will not eliminate the solvent from the elastomer and will thereby compromise its final mechanical properties. Moreover, it has to be remembered that the addition of non-volatile flow control agents permanently change the ultimate mechanical properties of the elastomer and might lead to unwanted side effects (e.g. sol fraction leaching from elastomer).
Proper mixing of fillers is obtained by applying high-shear forces to the mixture, which will break filler agglomerates and evenly distribute the particles. Homogenization can be facilitated further by applying ultrasound or microwaves, although with the two latter techniques it is important to ensure that the processes do not destroy the polymers and fillers. The process of incorporating additional filler results in a significant viscosity increase of the composition. It is sometimes beneficial to premix a composition by hand (to help 'wet' the surface to speed incorporation) to distribute the filler (or other high viscosity additive) before the main mixing process. Moreover mixing of highly viscous compositions often leads to overheating, which might trigger premature crosslinking. This problem can be overcome by cooling the premix in refrigerator before mixing. Silicone premixes do not freeze, due to the low glass transition, but only moderate cooling is recommended, since water from the air may condense on the cold surface of the silicone premix leading to hydrolysis.
Most of the mixing methods lead to the introduction of air bubbles to the premix compositions which must be eliminated for product reliability. A few air bubbles weaken the elastomer mechanically and electrically. Due to the low electrical breakdown strength of air, immediate failure of the elastomer is inevitable when it is used as dielectric elastomer transducer. The conventional means of removing air bubbles involves placing a container with a premixed silicone composition in a vacuum chamber/oven. The low pressure causes the air bubbles to migrate out of the liquid. Intuitively, higher vacuum or longer degassing times have to be applied to higher viscosity compositions. Moreover, it is beneficial to degas the silicone parts before curing because of the high solubility of gases in silicones. It should be considered that a vacuum might eliminate solvents from the composition, which might make subsequent processing steps more complicated. Degassing step is not required when using speed mixers, as the Fig. 9 Laboratory-scale mixers. From the left: roll mill with two rolls and two speed mixers. Optimised mixing is required for reliable elastomers, and for most silicone elastomer formulations high shear mixing is strictly required. dual centrifuge rotation not only provides high shear forces, facilitating excellent mixing, but also efficiently removes gases from the mixture, thus making it the most efficient mixing tool for silicone formulations of low to medium viscosity. Speed mixers are efficient, since within a few minutes most silicone premixes are ideally mixed and ready to cast.
Casting of thin elastomeric films
Preparing thin silicone films starts with selecting an appropriate support/carrier web. The support has to be inert and maintain its physical properties and dimensions at the temperature of silicone elastomer curing. The adhesion strength between the silicone elastomer and the support must be lower than the cohesion strength of the film, enabling a smooth release of the elastomer film from the support after curing. Typically, polytetrafluoroethylene (PTFE)-coated polymeric films are used, since the PTFE layer is believed to minimize the adhesion of silicone to the support. In practice, a variety of materials can be used as support, e.g. polyester, polypropylene or poly(methyl methacrylate) (PMMA) sheet. It is advised to attach the carrier web to an additional rigid support, which will eliminate issues related to carrier web deflection (e.g. during transportation), which results in uneven films etc. The carrier web must be cleaned before the formulation can be cast on it.
Thick films (0.1-1 mm). Coating with a knife with a specific gap (also sometimes denoted as 'doctor blading') is a common way to prepare films with intermediate thicknesses. Silicone premix is carefully transferred to the carrier web (a quick, short motion from low height is advised, thus minimizing the formation of air bubbles). The cast mixture is examined for possible presence of air bubbles which are eliminated with the aid of a needle. Subsequently, the knife is moved with a constant velocity in order to uniformly spread the silicone premix. Ideally, a coating machine should be used in this instance (see Fig. 10 ). This method is generally applicable for films up to around 0.1 to 1 mm in thickness. This method does not produce films with the exact thickness mentioned on the blade (typically, the error is about 0.1 mm).
Thin films (o0.1 mm). For spin coating a thin film, a commercial device, such as a Spin Coater SPIN 150i from SPS Europe, or a home-built device with a sufficiently high rotational speed is used. A portion of a premix is placed on a substrate that is attached to the rotor of the spin coater. The generated centrifugal forces spread the material evenly on the substrate and allow for very precise control over the film thickness. Other methods for preparing thin silicone films involve spraying (requires a substantial dilution of the silicone premix with a volatile solvent, and yet obtaining uniform film thickness is still challenging), solvent casting (requires a substantial diluting of the silicone premix with a volatile solvent and entails a time-consuming solvent evaporation step) and stamping/pad printing (usually for small surface areas, requires dedicated equipment).
Preparing bulk silicone samples
Silicone-based elements with a thickness above 1 mm are considered as bulk samples for the purposes of this tutorial. A multitude of moulds can be applied to manufacture bulk silicone elastomer samples. Flat elements (e.g. 5 mm thick squared pads) are typically prepared by casting a degassed premix composition on a horizontal mould consisting of a rigid bottom support fitted with a frame of desired thickness that defines element dimensions. A proper contact between the support and the frame has to be ensured. Silicone premix is carefully transferred to the mould and spread evenly after eliminating air bubbles by needle or degassing. Sophisticated elements, e.g. microfluidic devices, are manufactured by casting the premix onto a prefabricated mirror-image mould (prepared using photolithography or micro-milling technique). Sylgard 184 is the most frequently reported commercial silicone used for preparing elements with small feature size as this elastomer formulation has excellent flowability, low viscosity, and possesses the ability to reflect even submicrometer size element details. 37, 38 Another method to produce bulk silicone elastomer products involves preparing a vertical mould consisting of two rigid side supports separated with a spacer defining sample thickness. The mould should be fitted with an inlet on top and outlet on the bottom. A silicone premix is poured or injected through the inlet and the composition flows by means of gravity and thereby fills the mould. The silicone excess is collected via the outlet. A horizontal design can also be applied, however, in this case pressure has to be applied to fill the mould with a silicone premix.
Curing of silicone elastomers
It is always advisable to cure commercial silicone elastomers at temperatures provided by the manufacturer, although curing at other temperatures is also possible. Different curing temperatures often result in elastomers with different mechanical properties. 39, 40 Typically, the higher the temperature, the higher the elastic modulus. High temperatures initially increase the diffusivity and mobility of polymer chains within the premix, and subsequently lock in entanglements rapidly without allowing for Fig. 10 Casting of thin silicone elastomer films, using a commercial film applicator and knife. The bar across the plate can be set to move at different speeds. The knife can be varied in length and gap. Some knifes have built-in chambers for the liquid to be coated.
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disentangling. Moreover, high temperatures evaporate volatiles such as solvent and additives more efficiently. Pot life is the property of silicones (and other premixes for thermosets) that defines the time from the moment of mixing the silicone premixes up to the point where viscosity is doubled. Pot life is used to define the time allowed for processing the premix and can be extended by applying curing inhibitors (e.g. 1,3-divinyltetramethyldisiloxane from Gelest), which hinder the hydrosilylation reaction before the inhibitor is either evaporated off or degraded. 41 Different types of inhibitors deactivate at different temperatures, which allows for precise control over the curing reaction. Contrary to pot life, curing time and required curing temperature can be shortened by adding extra Pt catalyst to the system. The Pt catalyst should be premixed with a silicone base to ensure uniform distribution throughout the composition, as discussed earlier. Some studies recommend post-curing silicone elastomers for several hours at high temperatures, e.g. 200 1C, and for some medical devices this is a requirement, 42 because in this way the maximum reactive group conversion is achieved, and all volatiles are released from the system. The curing and post curing at high temperatures increases the elastic modulus of the elastomer and this is not always favorable for stretchable electronics where softness is sought. It has been demonstrated that post-curing various types of silicone elastomers leads to highly improved electrical breakdown strengths which is advantageous for high-voltage applications. 43 
Cleaning and storage of silicone samples
Silicone elastomers tend to accumulate electrostatic charges on the surface and thereby attract impurities such as dust. They can be cleaned using a strong stream of air or by washing with water or water with soap. In addition, various solvents can be used to wipe silicone surfaces. However it has to be remembered that most solvents penetrate into the silicone network, and it is therefore advisable to choose appropriate solvents, e.g. according to the study presented by Lee and co-workers. 44 Although silicones retain excellent mechanical properties over long periods, it is recommended to store silicone elastomer samples at room temperature and with limited exposure to light.
Processing aids
Although silicone elastomers do not adhere to most of the materials used as a support, problems with demoulding the crosslinked silicone elements is encountered occasionally. In such cases, coating of the carrier web or the mould with a release agent is advised, e.g. Universal Mold Release from Smooth-On, Inc. To promote adhesion between silicone elastomers and other components, adhesion promoters/primers (e.g. Primer G 790 from Wacker Chemie AG) can be applied. The primer ensures good adhesion between a polymer or a non-polymer substrate and the silicone elastomer. Silicone plasticizers (e.g. Plasticizer 100 from Wacker Chemie AG) are added to silicone compositions in order to tune the ultimate mechanical properties of the elastomers as well as to improve the processability of the premix composition. Sometimes, simple non-reactive silicone-based (in rare cases non-silicone-based) oligomers and polymers are used in this regard.
Mechanical properties of elastomers
A thorough understanding of mechanical properties of silicone elastomers is a prerequisite to direct their usage and to report mechanical data properly for the research community to benefit from one's experiments. For elastomers utilised in stretchable electronics, softness -as mentioned earlier -is key to most applications, but for such materials measurements become more complex than if measuring rigid elastomers. Therefore, it is always important to use a tensile testing machine with the right sensitivity for the materials under investigation. This section serves as an inspiration on how to evaluate mechanical data critically, since a common fault in the literature is to report the ultimate properties with multiple significant numbers relying on one single measurement.
For ideal, soft elastomers, there are three primary mechanical properties of interest, namely (1) elastic modulus, (2) either ultimate stress or strain and (3) tear strength. Of course, for non-ideal elastomers the relationship between stress and strain become non-linear and dependent on deformation rate. These phenomena are discussed in more detail in Section 6.
Stress-strain properties
Silicone elastomers possess viscoelastic properties, i.e. they possess both elasticity and viscous dissipation, with the main contribution being elasticity. In terms of mechanical properties, their elastic moduli are usually very low (of the order of a few MPa as a maximum) and they are very extensible, with ultimate strains usually far above 300%.
The ideal polymeric network is illustrated by means of a grid, to show the three-dimensional structure of the network with all reactive groups participating in covalent crosslinks and yielding ideal inter-connections between crosslinkers. Between the crosslinking points the polymer chains are illustrated as elastic strands, visualised as springs connected via the crosslinker. The spring changes its entropy and is thus denoted as an entropic spring. The spring constant of the series of interconnected entropic springs is then the elastic modulus, and thus it is proportional to crosslinking density. This is the basis for the derivation for Hooke's law (eqn (5)).
From the assumption of incompressibility (Poisson's ratio n = 1/2) of the elastomer, following relation coupling, the elastic modulus (E) and the shear modulus (G) are derived:
Hooke's law is valid only for small strains, usually up to 10% for silicone elastomers with limited amounts of filler. When proceeding beyond linearity, the elastomers may strain-harden (the slope of the stress-strain plot increases) or strain-soften (the slope decreases). 45 Strain-softening of soft silicone elastomers at strains above approximately 50% is usually a sign of poor network structure. Reliable silicone elastomers must have either an almost constant slope or contain a small increase at higher strains. Filled, harder silicone elastomers may show natural stress-softening at larger strains, due to disappearance of particle-particle interactions. This is discussed further in Section 6.
Ultimate properties
The maximum strain and stress are often referred to as 'ultimate' properties. In general, for silicone elastomers, a softer elastomer results in larger ultimate strain and lower ultimate stress. In contrast to elastic moduli, the two ultimate measures are not entirely material parameters but rely strongly on the number of imperfections. A poorly cured elastomer may result in a significant higher maximum strain and lower maximum stress than the ideally cured version, while a poorly processed silicone elastomer where, for example, air was introduced into the composition during the coating process, may result in both lower ultimate stress and strain. Therefore, variations in ultimate property values are expected, and when determining these measures the assessment must be based on at least three to five measurements, to provide any valuable information.
In Fig. 11 the ultimate properties of 8 samples of identical LSR elastomers are shown. The elastomer is difficult to process, due to very high viscosity, so it is diluted with significant amounts of solvent. Evaporating the solvent may cause defects in the network if curing is not occurring ideally, and as can be observed from the measurements herein, one out of eight elastomer films had significant amounts of defects leading to lower ultimate properties. The seven other films show similar properties to each other in the sense that ultimate strains are within a 600-700% range and ultimate stresses within 10-13 MPa. Due to the processing influence, the results appear somewhat dispersed, however, such discrepancies are considered acceptable by the silicone research community. Additives alter the elastomer matrix in various degrees and while enhancing one property, they may compromise other properties. For every such scenario, the optimum amount of additive must be arrived at by analysing the effect of the additive on the various mechanical properties.
Tear strength
Tear strength (or tear resistance) is a measure of how well a material can withstand an imposed, sharp incision under mechanical load. The value becomes crucial in processing, especially when thin films are processed, as well as in applications where the silicone elastomer is in close contact with sharp objects. Also, tearing is a particular problem for dielectric elastomers after electrical breakdowns, as illustrated in Fig. 12 , since this trauma introduces stress gradients, and thereby tearing propagates from the microscopic pinhole. A recent review by Park et al. deals with improving the tear strength of commercial silicone elastomers, and it is recommended for further information about the tear properties of various commercial elastomers mixed in different ratios. 8 The tear strength of silicone elastomers is commonly improved by adding fumed silica, albeit this increases the elastic modulus significantly, so the trade-off for a more tear-resistant elastomer is stiffness. There are no alternatives to silica if the tear strength of the elastomer is not to be compromised to some extent. For consistent tear strength, interactions between fillers and polymer network need to be strong i.e. of hydrogen-bonding strength. It is more or less only silica fillers and various types of silicone resins that have suitable strong interactions with the silicone polymer network. Resin-reinforced silicone elastomers usually possess lower tear strength than silica-reinforced elastomers. Some resins facilitate good tear resistance properties while having less impact on the elastic modulus. A silicone resin is usually an irregular three-dimensional network with principally tri-or tetra-functional units of chemical composition R n SiX m O p of molecular weights from 1000 to 10 000 g mol À1 , where R is methyl or phenyl, and X is hydrogen (H), hydroxyl (OH) or alkoxy group (OR). The resin TEOS (tetraethyl orthosilicate) is one of the cleaner versions, whereas the traditionally used MDTQ, DT and MQ resins contain significant amounts of salt. M stands for Me 3 SiO, D for Me 2 SiO 2 , T for MeSiO 3 and Q for SiO 4 . The drawback with resin-based elastomers is the high content of salts, due to the reaction path necessary to produce them. Even in highly purified resins, some impurities remain, and this may be observed as a change in electrical properties when high DC voltage is applied for extended periods. Similar to resinreinforced elastomers, bimodal elastomers can be prepared to possess very good tear resistance despite possessing low elastic modulus. 46 These two methods will not be discussed in detail here, though, due to most resins being rather impure (and thus more conducting) along with the complexity of formulation for both types of elastomer. 47 
Non-linearity of reinforced silicones
For very soft elastomers, shear experiments are easier to perform than extensional experiments, and it is therefore convenient to determine the elastic modulus from oscillatory shear with a given angular frequency (o). This method, though, must be used with precaution when dealing with filled elastomers. From shear experiments, one obtains the elastic contribution from the material (opposing force), which is denoted as the storage modulus, G 0 (o), as well as the loss modulus, G 00 (o), which is the energy dissipated. However, the correlation in the case of filled elastomers should be specified strictly to:
where G 0 0 = G 0 (o -0). The need for this definition is not obvious for silicone elastomers with a small amount of particles only, since the storage modulus is almost independent of the applied angular frequency. However, the particles contribute with their own dynamics, and they do this in complex ways, simply due to an effect of the particles on the elastic modulus. Three complex and highly non-linear phenomena are often encountered for filled silicone elastomers: 1. Mullins effect: the filled elastomers remember the maximum extension that they have experienced. The higher the maximum extension a sample has experienced, the lower the elasticity, see Fig. 13 .
2. Payne effect: the filled elastomer has two plateaus in the shear moduli. At small deformation rates, the particles act in an elastic manner and contribute significantly to elasticity, see Fig. 14. 3. Permanent set: the filled elastomer does not return to the original zero-stress at no strain after it has been held at a given strain for an extended period of time. Rather, it extends a few per cent due to reorganizing the elastomer and potentially also post-curing in the extended state, see Fig. 15 .
The Mullins effect is illustrated in Fig. 13 . In the top figure, all cycles in steady-state conditions have different elastic moduli. The first deformation cycle indicates a stronger material than indicated by subsequent cycles, simply because the first time the elastomer experiences a strain greater than what it originally has experienced, it softens. When cyclic deformations are performed with decreasing strains, the elastomer has identical elastic moduli in all cycles, since the elastomer experiences the maximum strain in the initial cycle.
The Payne effect is illustrated in Fig. 14, which shows how a filled elastomer possesses two linear viscoelastic (LVE) regimes (i.e. where the modulus does not depend on the applied strain rate). For non-filled elastomers, this phenomenon is not encountered and the LVE is identified much more easily.
The permanent set of filled elastomers is illustrated in Fig. 15 . It is a result of reorganizing or curing the elastomer in static stretched conditions, and it is evident that upon stretching for an extended time, the elastomer may elongate by a few per cent and in critical situations more than 10%. For the latter situation, the elastomer is so plastic in nature that it will most likely continue elongating in other situations. The reason for the elongation upon stretching is that hindered reaction sites may become accessible for crosslinking reactions, or complicated substructures may relax in an irreversible manner. Therefore, part of the elastomer gains a new zerostress condition, which opposes the retractive force when it is released. The permanent set -despite its name -is not always permanent, and the elastomer may return to its original zerostress strain within some days/weeks.
Expressed in terms of the stress response in the small deformation regime (also often denoted linear viscoelastic regime), this means that the stress has three contributions, namely: s e;
de dt ¼ f ðeÞ Á g e; de dt Á h e; e max ð Þ (8) where t is time and de dt is the applied strain rate. f (e) is the simple linear and strain rate-independent response of the sample when all the non-linear effects are ignored, i.e. eE. g e; de dt indicates that stress depends on both the strain and the strain rate (Payne effect), which is also common for other materials but not in the small strain limit. The function h(e,e max ) can be regarded as softening from the Mullins effect (sample history effect).
Practical precautions with respect to the three non-linear phenomena
For reproducibility and reliability, the elastomer should always be stretched significantly beyond what it has experienced during processing, thereby ensuring that the elastomer films have experienced the same maximum strain. In practice, elastomers with strong Payne effects in dynamic applications operated at high speeds may possess a certain strain rate at which the elastomer softens strongly. This needs to be addressed in the design, either by utilising this strong non-linearity favorably or by eliminating it. For determining the elastic properties of elastomers, it is important to ensure that the obtained LVE diagram corresponds to the utilised frequency in the application. The permanent set must be evaluated and be considered in design of products. Since permanent set strongly increases with particle loading, low filler concentrations should be used if possible. More detailed explanations of the three phenomena can be found in the ref. 48-50 and references therein.
Conclusions and future outlooks
Silicone elastomers are widely investigated within the silicone industry, but this knowledge is not easily accessible for academia and thus the knowledge about elastomer formulating remains relatively unexplored in this sphere. This can be attributed to the dependency on the commercial silicone elastomers, but with many new silicone-based technologies emerging, e.g. stretchable electronics, commercial elastomers are experiencing a bit of a shortfall. It is essential and advantageous for researchers to formulate their own silicone elastomer recipes for ongoing research in order not to be constrained by commercial formulations. The correct formulation of silicone elastomers allows for a wide range of mechanical properties while maintaining mechanical integrity. Within this tutorial review, we concentrated on how to design soft, robust silicone elastomers by means of ensuring that a suitable network structure exists. A suitable network structure can only be achieved when the stoichiometry is altered in a controlled way and the catalyst concentration is maintained at a suitable level, to allow for efficient and fast curing. This is not always the case when commercial elastomer premixes are mixed in different ratios resulting in unreliable networks. 
Fig. 15
Illustration of a permanent set. The sample is initially cycled to 75% strain (blue curve) and then taken to a given strain (usually higher than 50% strain) and rested for some time (usually a day or more). The sample is then cycled again to 75% strain (red curve), but the zero stress state is now at 10% strain. This resting introduces the reorganization of the elastomer structure such that when released from the resting position, there will be an opposing force with a zero-stress condition at the rested strain. Reproduced from ref. 14 with permission from the Technical University of Denmark (DTU), copyright 2017.
